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Abstract    The tropical Pacific experienced a sustained warm sea surface condition that started in 2014 and a very strong El
Niño event in 2015. One striking feature of this event was the horseshoe-like pattern of positive subsurface thermal anomalies
that was sustained in the western-central equatorial Pacific throughout 2014–2015. Observational data and an intermediate ocean
model are used to describe the sea surface temperature (SST) evolution during 2014–2015. Emphasis is placed on the processes
involved in the 2015 El Niño event and their relationships with SST anomalies, including remote effects associated with the
propagation and reflection of oceanic equatorial waves (as indicated in sea level (SL) signals) at the boundaries and local effects
of the positive subsurface thermal anomalies. It is demonstrated that the positive subsurface thermal anomaly pattern that was
sustained throughout 2014–2015 played an important role in maintaining warm SST anomalies in the equatorial Pacific. Further
analyses of the SST budget revealed the dominant processes contributing to SST anomalies during 2014–2015. These analyses
provide an improved understanding of the extent to which processes associated with the 2015 El Niño event are consistent with
current El Niño and Southern Oscillation theories.
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1.    Introduction

The El Niño and Southern Oscillation (ENSO) phenomenon
exhibits great diversity and variability, as indicated by ob-
servations and model simulations. During 2014–2015, for
example, the tropical Pacific experienced a sustained warm
sea surface temperature (SST) condition (McPhaden, 2015).
There was weak warming in early 2014, a pause in warming
in mid-2014, and amplified second-year warming in 2015,
with a strong 2015 El Niño event. One notable feature
of the 2015 El Niño event was the persistence of a warm
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SST anomaly throughout 2014–2015 in the western-central
tropical Pacific. In particular, the related ocean-atmosphere
anomalies were strongly coupled in spring and summer 2015,
and these anomalies intensified and developed rapidly into
a strong warm event in late spring 2015, reaching a mature
El Niño stage late. Note that a similar ocean-atmosphere
evolution occurred in early 2014 over the western tropical
Pacific, but the warm SST anomalies weakened in mid-2014
and did not sustain and develop into a strong El Niño event
in late 2014 (producing only a weak warm condition in 2014;
Hu and Fedorov, 2016). It is also worth noting that it had
been approximately 5–6 years since the previous El Niño
event, which occurred in 2009, representing a long interval
between these two El Niño events.
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In terms of real-time predictions, some coupledmodels pre-
dicted a strong El Niño event in 2014, a false alarm that em-
barrassed the scientific community. For the 2015 El Niño
event, there were large uncertainties regarding its predicted
onset using coupled models throughout spring 2015 (Zhang
and Gao, 2016b). Additionally, the predicted intensity of the
2015 event ranged widely across coupled models in summer
and fall 2015. These differences indicate that real-time pre-
dictions of El Niño events remain challenging.
The evolution of the 2015 El Niño event was complex and

involved possible interactions with decadal variability and
global warming (McPhaden, 2015). Therefore, this event has
received considerable attention. The current understanding
of the 2015 event is still limited (Hu and Fedorov, 2016; Liu
et al., 2015; Min et al., 2015; Zhang and Li, 2015; Zhu et al.,
2016; Levine andMcPhaden, 2016), including the underlying
processes responsible for the persistence of warm SST anom-
alies throughout 2014–2015, the early onset in March 2015
(rather than in June as in most other events) and the rapid in-
tensification of the ocean-atmosphere anomalies in late spring
and summer 2015. Thus, it is important to understand the rel-
evant processes and improve real-time predictions using cou-
pled models.
Previously, we developed an improved intermediate cou-

pled model (ICM) at the Institute of Oceanology, Chinese
Academy of Sciences (IOCAS), named the IOCAS ICM
(Zhang and Gao, 2016b). One unique feature of the IOCAS
ICM is the way in which the temperature of the subsurface
water entrained in the mixed layer (Te) is parameterized:
the thermocline effect on SST in the ICM is explicitly rep-
resented by the relationship between Te and sea level (SL;
an indicator of thermocline fluctuation). The model has
been routinely used to predict SST evolution in the tropical
Pacific (for a summary of the model ENSO forecasts, see
the International Research Institute for Climate and Society
(IRI) website (http://iri.columbia.edu/climate/ENSO/cur-
rentinfo/update.html)). When it is forced by prescribed
surface wind data, the oceanic component of the IOCAS
ICM can accurately simulate the SST evolution during the
2015 El Niño event. In this article, the ocean-only simula-
tion is used to describe the evolution of the 2015 El Niño
event. Some specific questions to be addressed include the
following: How was the warm SST anomaly sustained in
the central equatorial Pacific throughout 2014–2015? What
roles did the reflections of oceanic waves (as indicated in
the SL signals) at the western and/or eastern boundaries play
during 2014–2015? What roles did the subsurface thermal
anomalies (as indicated by the Te fields) play in sustaining the
warm SST anomalies during 2014–2015? What processes
were involved in the weakening of the warm SST anomalies
in 2014 so that conditions in 2014 did not evolve into a
strong El Niño event? Is the evolution of the 2015 El Niño
event consistent with the processes indicated in the delayed

oscillator mechanism?

2.    Observational data and the intermediate
ocean model
Various observed and reanalysis data are used to describe
the evolution of anomalous conditions in the tropical Pa-
cific and to validate model simulations. The SST fields
are from Reynolds and Smith (1994), and the wind stress
data are from the NCEP/NCAR reanalysis (Kalnay et al.,
1996). Oceanic temperature and salinity data are from the
gridded Argo products provided by the International Pacific
Research Center (IPRC)/Asia-Pacific Data-Research Center
(APDRC), which include monthly and long-term climato-
logical mean fields. The monthly mixed layer depth (MLD)
and Te data are also available from the IPRC/APDRC Argo
products. The gridded sea level anomalies are from the
Ssalto/Duacs multimission altimeter products distributed by
Aviso with support from Cnes, which are available online
at (http://www.aviso.oceanobs.com/duacs/). Additionally,
the real-time evolution of the tropical Pacific ocean-atmos-
phere anomalies can be seen in the tropical atmosphere
ocean (TAO) real-time data, which are available online at
(http://www.pmel.noaa.gov/tao/).
The ocean component of an ICM is adopted to depict SST

evolution (Zhang et al., 2003, 2005; Zhang and Gao, 2016a).
The oceanic dynamic component is an intermediate-com-
plexity model developed by Keenlyside and Kleeman (2002)
based on the previous baroclinic modal decomposition ap-
proach in the vertical direction (McCreary, 1981). Unlike
the commonly used Zebiak-Cane model (Zebiak and Cane,
1987), this relatively newly developed ICM takes into ac-
count the spatially varying stratification and the realistic
vertical structure of the upper ocean (e.g., ten vertical modes
are included). In addition, nonlinear effects in the momentum
equation are partially considered so that the zonal currents in
the equatorial oceans can be more realistically modeled.
Another crucial component of the ICM is the way in which

the subsurface entrainment temperature in the surface mixed
layer (Te) is explicitly parameterized in terms of the thermo-
cline variability (as represented by the SL). An optimized
procedure is developed to depict Te using inverse modeling
based on an SST anomaly equation and its empirical rela-
tionship with SL variability (Zhang et al., 2005). The model
has been successfully used for ENSO simulations and pre-
dictions. After optimizing the model performance in terms
of ENSO simulations and retrospective ENSO predictions
(Zhang and Gao, 2016a), this model was used at the Insti-
tute of Oceanology, Chinese Academy of Sciences (IOCAS),
and named the IOCAS ICM. Since August 2015, the IOCAS
ICM has been routinely used to predict the SST evolution in
the tropical Pacific (Zhang and Gao, 2016b). For more infor-
mation, see the IRI ENSO real-time prediction website.
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A statistical wind stress model was constructed using a sin-
gular value decomposition (SVD) analysis technique in the
tropical Pacific (Zhang et al., 2003). The ocean model simu-
lation forced by the reconstructed wind stress anomalies can
realistically depict the spatial structure and time evolution
of interannual SST variability. We present process-oriented
analyses based on the forced model simulation below.

3.    Characteristics of the anomaly evolution
during 2014–2015
Figure 1 displays an example for interannual anomalies
of SST observed and zonal wind stress obtained from the
NCEP/NCAR reanalysis product. The equatorial Pacific
experienced sustained warm conditions during 2014–2015,
with a dip in the SST in mid-2014 and a rapid warming in
May 2015 (Figure 1a); this is accompanied with westerly
wind anomalies in the western-central equatorial Pacific

(Figure 1b). In the subsurface ocean, positive thermal anom-
alies persisted in the western-central equatorial Pacific during
2014–2015. For example, SL anomaly signals originating
from the western boundary regions are seen to propagate
eastward along the Equator and appear to have warming or
cooling effects on SSTs in the central and eastern equatorial
Pacific. In late 2013, for instance, a positive SL anomaly
in the west was observed to propagate eastward along the
Equator. Its arrival to the east produced a warming effect in
the SSTs during spring 2014. In early 2014, a low SL signal
propagated eastward along the Equator to the eastern equa-
torial Pacific, and its arrival to the east produced a cooling
effect on the SSTs in mid-2014. This process is attributed
to the weakening of the warm SST anomaly in summer
2014. In spring 2015, SL anomalies intensified in the central
equatorial Pacific, but no propagating signals were observed
from the western Pacific at this time. Rather, a positive SL
anomaly, which formed over the eastern equatorial Pacific in

Figure 1             Zonal-time sections of interannual anomalies along the Equator for (a) SST observed and (b) zonal wind stress obtained from the NCEP/NCAR
reanalysis product. Linear trend in wind stress anomalies during the period 1980–2015 is removed when they are used to force the ocean model. The contour
interval is 0.5°C for SST and 0.1 dyn cm−2 for zonal wind stress.
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late 2014, reflected off the eastern boundary and propagated
westward off the Equator. The penetration of this anomaly
into the equatorial region in early 2015 enhanced subsurface
thermal anomalies in the central equatorial Pacific. These
processes produced large warm SST anomalies in the cen-
tral-eastern equatorial Pacific, which were accompanied by
westerly wind anomalies in the west. Then, the coupling be-
tween these SST and wind anomalies led to rapid amplifi-
cation of the warm SST anomalies in summer 2015, evolv-
ing into a strong El Niño event with a peak in late 2015.
These features are clearly evident from the TAOobservations,
which are used to validate model simulations.
Figures 2 and 3 illustrate zonal-time sections of simulated

interannual anomalies along the Equator for SST, zonal wind
stress, SL and Te. Note that the wind stress anomalies are de-
rived from observed SST anomalies using an empirical wind

stress model constructed from historical data (Zhang et al.,
2003) and that the Te anomalies are derived from the simu-
lated SL anomalies using an empirical Te model constructed
from historical data (Zhang et al., 2005).
The oceanic component of the IOCAS ICM can accu-

rately depict these interannual variabilities compared with
corresponding observations (Figure 1a). For example, the
model captured the SST evolution in 2009–2015 extremely
well (Figure 2a). A weak El Niño event occurred in 2009,
followed by La Niña conditions in 2010, with second-year
cooling in 2011 (Zhang et al., 2013). Starting from late 2013,
El Niño conditions prevailed in the eastern basin. Warm SST
anomalies emerged in early 2014 but weakened in summer
2014. Then, warm conditions intensified in late 2014 and
early 2015. In mid-2015, warm SST anomalies developed
rapidly  through ocean-atmosphere  coupling,  leading to the

Figure 2             Zonal-time sections of anomalies along the Equator for (a) SST and (b) zonal wind stress. The zonal wind stress anomalies are derived from
observed SST anomalies using an empirical wind stress model constructed from historical data of SST and wind stress. The contour interval is 0.5°C for SST
and 0.1 dyn cm−2 for zonal wind stress.
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Figure 3            Zonal-time sections of anomalies along the Equator for (a) SL and (b) Te along the Equator. The Te anomalies are derived from the simulated SL
anomalies using an empirical Te model constructed from historical data. The contour interval is 3 cm for SL and 0.5°C for Te.

strong El Niño event in 2015. Note that there was a long
interval between the two El Niño events in 2009 and 2015
(approximately 5−6 years).
To illustrate the space-time evolution in more detail, Fig-

ures 4 and 5 show the horizontal distributions of some re-
lated interannual anomalies simulated using the ocean model
during early 2015. Together with Figures 2 and 3, the spa-
tial structure and phase relationships among the anomalies of
SST, surface winds, SL and Te can be more clearly illustrated
off and on the Equator. Coherent relationships among these
anomalies simulated from the model are used to illustrate rel-
evant processes involved in the 2015 El Niño event. Detailed
analyses are given below.

3.1    The persistent warm SST anomalies

One pronounced feature is the persistence of warm SST
anomalies during 2014–2015 in the central equatorial Pacific

(Figure 2a). For example, warm SST anomalies remained
in the equatorial Pacific from the early warm conditions
in 2014 and were accompanied by westerly wind anoma-
lies that persisted in the western equatorial Pacific (Figure
2b). A weakening of the warm SST anomalies occurred in
mid-2014, accompanied by weakening of the westerly wind
anomalies. Warm SST conditions intensified in the eastern
equatorial Pacific in late spring 2015 and experienced a rapid
amplification of warming in mid-2015, accompanied by
westerly wind anomalies (Figure 4).
A key issue is how the warm SST anomaly is sustained in

the central equatorial Pacific. Various processes are respon-
sible for these SST anomalies, including remote effects asso-
ciated with propagating oceanic waves and their reflections
at the western and eastern boundaries, local effects associ-
ated with positive subsurface thermal anomalies, and wind
forcing. These processes collectively acted to determine SST
evolution  during  2014–2015.   The  relationships  between

Zhang R H, et al.   Sci China Earth Sci   September (2017)  Vol. 60  No. 9 1605



Figure 4            Horizontal distributions of SST anomalies (contours) and surface wind stress (τ) anomalies (vectors): (a) January 2015, (b) February 2015, (c)
March 2015, (d) April 2015, (e) May 2015, and (f) June 2015. The contour interval is 0.5°C for SST; the arrow indicates 0.6 dyn cm−2 for wind stress.

these processes and the way the SST evolved are analyzed
blow.

3.2    Remote effects of propagating oceanic waves and re-
flections as represented in SL signals

In the ocean, interannual variability in the thermocline ex-
hibits pronounced propagation of equatorial waves, which re-
motely affect thermal conditions around the basin, thus pro-
viding low-frequency memories for the tropical Pacific cli-
mate system. For example, SL signals tend to propagate
eastward along the Equator and westward off the Equator,
and reflect off the western and eastern boundaries (McCreary,
1981; Zebiak and Cane, 1987; Jin and An, 1999; Gao and
Zhang, 2017). SST variability in the equatorial Pacific ex-
hibits a coherent relationship with propagating SL signals on
and off the Equator and their reflections at the western and
eastern boundaries. A few cases can be highlighted during
2014–2015 as follows.
During the La Niña conditions in 2013, for example, there

was a buildup of warm waters in the western Pacific Ocean
due to stronger-than-normal trade winds in the central basin,
with the SL in the west increasing steadily. In late 2013,
a positive SL signal was seen to propagate eastward along
the Equator from the western boundary (Figure 3a). Its ar-
rival to the east caused a warming effect on the SST in early

2014. Indeed, warm SST conditions emerged to the east (Fig-
ure 2a), accompanied by westerly wind anomalies (Figure
2b). In early 2014, an upwelling SL signal originated from
the western boundary regions and propagated eastward along
the Equator (clearly seen as a propagating low sea level sig-
nal; Figure 3a). The arrival of this signal to the east induced
a cooling effect on the SST in mid-2014 (Figure 2a). In-
deed, the warm SST anomalies in the east weakened in sum-
mer 2014 (Figure 2a). This result may explain why SST and
wind anomalies did not develop strongly during the summer
of 2014. Note that the cooling effect on the SSTwas not suffi-
ciently strong to reverse the warm SST conditions in the east
and thus the warm SST conditions remained in the equatorial
Pacific throughout 2014.
In early 2015, SL and SST anomalies intensified in the cen-

tral equatorial Pacific. At this time, however, no propagating
SL signal could be traced to the western boundary regions
(Figure 3a). Thus, oceanic processes originating from the
western Pacific (i.e., the reflections of SL signals at the west-
ern boundary) did not play a major role in the amplification of
the warm SST anomalies in the central equatorial Pacific. To
explain this phenomenon, processes in the eastern equatorial
Pacific must be examined. In late 2014, for example, posi-
tive SL anomalies emerged in the eastern equatorial Pacific,
which tended to reflect off the eastern boundary and propa-
gate westward off the Equator  (e.g., Figure 5a).  Strikingly,
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Figure 5            Horizontal distributions of SL (left panels) and Te (right panels) anomalies simulated using the oceanmodel for (a), (f) January 2015, (b), (g) February
2015, (c), (h) March 2015, (d), (i) April 2015, and (e), (j) May 2015. The contour interval is 3 cm for SL and 0.5°C for Te.

these positive SL anomalies penetrated into the central equa-
torial basin in early 2015 (Figure 5b and c), merging with the
positive SL anomalies that persisted in 2014. This process
acted to enhance the positive Te anomalies (Figure 5g–h), thus
producing large warming effects on the SST in spring 2015.
As such, the reflections of the positive SL anomalies off the
eastern boundary and westward propagation off the Equator
in the north in late 2014 and early 2015 played an important
role in enhancing SST warming in early 2015.

3.3    A subsurface thermal anomaly pattern and its local
effects on SST

In addition to the remote effects induced by propagating SL

signals, SST variability is determined by local conditions as-
sociated with positive subsurface thermal anomalies in the
central and eastern equatorial Pacific. In 2014–2015, large
positive Te anomalies persisted in the central equatorial Pa-
cific, characterized by a horseshoe-like pattern connecting
subsurface variability off and on the Equator (Figure 5f–j).
The importance of this positive Te pattern in maintaining the
warm SST conditions can be illustrated by two examples as
follows. One example is associated with the maintenance of
the warm conditions in mid-2014. Although an upwelling SL
signal propagated eastward along the Equator in early 2014
and its arrival in the east in April-June 2014 had a cooling
effect on SST, the warm SST condition prevailed in the east-
ern equatorial Pacific. Indeed, a weakening of the warm SST
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anomalies occurred to the east (Figure 5a). However, the
cooling effect associated with the SL propagation from the
far western Pacific was not sufficiently strong to fully reverse
the warm conditions in the east, and the warm SST conditions
remained in the tropical Pacific throughout late 2014. Here,
the persistent positive Te anomalies in the central equatorial
Pacific had strong warming effects on SST, acting to sustain
the warm SST conditions in mid- and late 2014.
Another example is associated with the development of

warm SST anomalies over the central equatorial Pacific in
early 2015. At this time, no propagating SL signal could
be observed directly from the far western boundary regions.
Hence, oceanic processes in the western tropical Pacific (e.g.,
the reflection of SL signals at the western boundary) did not
play a major role in the intensification of warm SST anom-
alies in the east. By contrast, large positive Te anomalies
persisted and increased in the western-central equatorial Pa-
cific (Figure 5f–j) and played an important role in maintain-
ing warm SST anomalies (Figure 4). In particular, the pos-
itive Te anomalies in the central equatorial region were en-
hanced by processes in the eastern equatorial Pacific: posi-
tive SL anomalies were seen to reflect off the eastern bound-
ary in early 2015, propagate westward off the Equator and
penetrate into the equatorial regions, thereby enhancing the
positive Te anomalies in the central basin and producing large
warming effects on the SSTs. The induced warm SST anom-
alies were accompanied by westerly wind anomalies, leading
to their coupling. Thus, the persistent positive Te anomaly
pattern during 2014–2015 was a key factor contributing to
the sustained warm SST anomaly in the central-eastern equa-
torial regions.

3.4    The SST budget analyses

An SST budget (the temperature variations within the mixed
layer) analysis is performed to determine which physical pro-
cesses are responsible for the interannual SST variability. The
local rate of SST changes (tendency) in the equatorial Pa-
cific is mainly determined by horizontal and vertical advec-
tion, vertical and horizontal diffusion, and heat flux at the sea
surface. Note that heat flux always has a damping effect on
SST anomalies on interannual time scales (Zhang and Gao,
2016a), and it thus is not shown below. Figures 6 and 7 illus-
trate the spatial distributions of the major SST budget terms
for zonal, meridional and vertical advection, vertical diffu-
sion, and their sum in early 2015. The contributions of the
different terms to the SST budget varied considerably in space
and time, and the relative importance of the individual pro-
cesses affecting SST variability is clearly illustrated.
As shown above, one pronounced feature was the persis-

tence of a warm SST anomaly in the central equatorial Pa-
cific, with first noticeable warming occurred in May–June
2015 (Figure 2a). Thus, one key question is how this SST

warming was sustained. The SST budget analyses indicate
that a positive SST tendency appeared near the date line in
early 2015 (e.g., Figure 6), which was mainly attributed to the
vertical diffusion effect (e. g., Figure 6a4 and Figure 6b4) as-
sociatedwith the positive Te anomalies (Figure 5f–j). It is thus
clear that through vertical diffusion, the positive Te anomalies
induced and sustained the warm SST anomaly near the date
line (Figure 4). Additionally, westerly wind anomalies over
the western equatorial Pacific directly forced anomalous cur-
rents, which induced a warming SST tendency through hori-
zontal advection (e. g., Figure 6a1–a2 and Figure 6b1–b2).
With time, large positive vertical diffusion effects and the

associated SST warming appeared to more east, and large
warm SST anomalies were present in the eastern equatorial
regions that started in May 2015 (Figure 7). On the Equator,
for example, the SST budget during the developing stage of
El Niño in mid-2015 was dominated by contributions of ver-
tical diffusion and advection in the central and eastern region
(Figure 7). In the western Pacific, a negative SST tendency
appeared off the equator near the date line in mid-2015 (e.g.,
Figure 7), which was mainly attributed to the vertical diffu-
sion effect (e. g., Figure 7a4 and Figure 7b4) associated with
the negative Te anomalies (Figure 5f–j).
Thus, supported by a strong Te influence, SST anomalies

were generated and sustained in the equatorial Pacific through
vertical diffusion. In particular, the positive Te anomalies
produced SST warming in the equatorial region in early and
mid-2015. On the Equator, the positive thermocline effect
(associated with the vertical advection of anomalous Te by
the mean upwelling and vertical diffusion) played an impor-
tant role in the rapid growth of SST anomalies (Jin and An,
1999). These results indicate that Te plays a dominant role
in sustaining warm SST anomalies in the equatorial Pacific.
Through the entrainment process, persistent subsurface ther-
mal anomalies can exert direct and immediate influences on
the SST over the central and eastern equatorial basin. The
results obtained from this work are consistent with previous
analyses and modeling studies (Zhang and Gao, 2016a), sup-
porting the dominant role played by subsurface processes in
SST evolution in the tropical Pacific.
Based on the analyses above, a schematic diagram pre-

sented in Figure 8 shows the processes affecting the SST
evolution in 2015. The 2015 El Niño event appeared as a
sequence of warm SST conditions that started in 2014, with
strong second-year warming occurring in mid- and late 2015,
which can be further traced back to the previous year. In
2013, a weak cold SST condition prevailed in the central-east-
ern tropical Pacific, accompanied by easterly wind anomalies
to the west, which induced corresponding consequences in
the ocean. Several processes were involved in the subsequent
evolution into the second-year warming in 2015. With respect
to subsurface anomalies (as represented by SL), propagating
SL signals were evident around the basin, remotely influenc-
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Figure 6            Horizontal distributions of the SST budget terms for zonal advection, meridional advection, vertical advection, vertical diffusion, and the sum of
these four terms in January 2015 (left panels) and Mar 2015 (right panels). The contour interval is 0.5°C/month.

ing Te and SST. Off the Equator, for example, large positive
SL anomalies in the east, produced by warm conditions in
2014, propagated westward off the Equator in the north. This
off-equatorial positive SL anomaly penetrated into the equa-
torial regions near the date line in spring 2015, in combina-
tion with the positive SL anomalies (Figure 5a–e), enhancing
the positive Te anomalies that persisted(Figure 5f–j). The en-
hanced positive Te anomalies in the central-eastern equatorial
regions had a large warming effect on SST, producing strong
warm SST anomalies, which were accompanied by westerly
wind anomalies in the west. In spring 2015, the related anom-
alies of SST and surface winds intensified through their cou-
pling. A systematic warm SST anomaly was seen in the east
in May 2015. By the late spring of 2015, there were notable

signs of the developing El Niño conditions at the sea surface.

4.    Discussion and conclusion

The tropical Pacific experienced a sustained warm SST con-
dition in 2014–2015, with a strong El Niño event in 2015,
which has been a hot topic not only in the scientific commu-
nity but also among the public and the media. The current
understanding of the related SST evolution is still very lim-
ited. It is critical to understand the processes involved in the
2015 El Niño event. Previously, we improved the IOCAS
ICM, which has been routinely used for real-time ENSO pre-
diction.  The oceanic component of the IOCAS  ICM forced
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Figure 7             Horizontal distributions of the SST budget terms for zonal advection, meridional advection, vertical advection, vertical diffusion, and the sum of
these four terms in May 2015 (left panels) and July 2015 (right panels). The contour interval is 0.5°C/month.

by prescribed surface wind can successfully depict the SST
evolution in the equatorial Pacific comparedwith correspond-
ing observations. In this paper, the oceanic model-based sim-
ulations are used to illustrate the relationships between anom-
aly fields and to reveal the processes important to the 2015 El
Niño evolution, with a focus on the extent to which the evolu-
tion can be understood in terms of the current ENSO theories.
As indicated by the thermocline feedback (Bjerknes, 1969),

large-scale thermocline fluctuations (as indicated in SL sig-
nals) and coupling between surface winds and SSTs are im-
portant to ENSO cycles. For example, one important process
is the large-scale structure of the upper-ocean heat content (as
represented by SL) in the tropical Pacific: coherent propagat-

ing SL signals around the basin provide low-frequency mem-
ory for interannual variability in the system. Indeed, oceanic
equatorial wave processes (as indicated by the SL signals) can
be clearly traced around the basin. Propagating SL signals
and their reflections off the western and/or eastern boundaries
induce remote effects on SSTs in the equatorial Pacific, serv-
ing as positive and negative feedbacks during ENSO cycles.
Additionally, subsurface thermal anomalies produce local ef-
fects on SSTs in the central-eastern equatorial Pacific. In par-
ticular, large positive subsurface thermal anomalies persisted
in the central equatorial Pacific during 2014–2015 and were
characterized by a horseshoe-like pattern connecting variabil-
ity off and on the Equator,  thereby sustaining the warm SST
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Figure 8            A schematic diagram showing the processes affecting SST con-
ditions during 2015, in which Te is the temperature of the subsurface water
entrained in the mixed layer. In the central equatorial Pacific, large pos-
itive Te anomalies persisted throughout 2014–2015, with a horseshoe-like
pattern connecting subsurface thermal variability off and on the Equator. A
few processes tended to sustain this Te pattern. In the atmosphere, westerly
wind anomalies were present near and west of the date line during 2015. The
wind anomalies suppressed the thermocline, producing positive Te anomalies
in the central domain. In the ocean, positive subsurface thermal anomalies
off the Equator were connected to the Equator in the central basin, foster-
ing positive Te anomalies on the Equator. Additionally, during and after the
warm conditions in 2014, positive SL anomalies propagated westward off the
Equator from the eastern boundary regions. The penetration of these anom-
alies into the central equatorial Pacific reinforced the positive Te anomalies
in the central basin.

conditions in the equatorial Pacific. Hence, the combined ef-
fects of local processes associated with the persistent positive
Te anomalies and remote processes associated with propagat-
ing SL signals collectively determined the SST evolution in
the eastern equatorial Pacific. During 2014–2015, for exam-
ple, positive Te anomalies prevailed in the central equatorial
Pacific, thereby sustaining warm SST conditions in the cen-
tral-eastern regions. In early 2014, however, a low SL signal
propagated eastward on the Equator from the western Pacific,
and its arrival to the east in the middle of 2014 weakened the
warm SST conditions. Nevertheless, the cooling effect on the
SSTswas not sufficiently strong to reverse thewarmSST con-
ditions in the east, which were sustained by the positive sub-
surface thermal anomalies. In this case, the warming effect
locally associated with the positive subsurface thermal anom-
alies in the central-eastern regions counteracted the cooling
effect remotely associated with propagating SL signals from
the western boundary regions.
In early 2015, large positive SL and SST anomalies

emerged in the central equatorial Pacific, but no propagating
SL signal can be traced to the western boundary regions at
this time. Thus, oceanic processes in the western tropical
Pacific (e.g., the reflection of SL signals at the western
boundary) did not play a major role in the intensification of
the positive SL and SST anomalies. However, large positive

Te anomalies persisted and intensified in the western-central
equatorial Pacific, thereby playing an important role in main-
taining warm SST anomalies in early 2015. Furthermore, the
reflection processes of SL signals were evident in the eastern
equatorial Pacific in early 2015: a positive SL signal, which
was related to the warm conditions in late 2014, propagated
eastward on the Equator into the eastern boundary region,
then reflected and propagated westward off the Equator. In
early 2015, this positive SL anomaly penetrated into the
central equatorial Pacific regions. This process enhanced
the positive Te anomalies in the central equatorial Pacific,
producing a large warming effect on SSTs. Note that the
penetration of the off-equatorial warm water to the central
equatorial region is proposed to be a key process for the
2015 El Niño amplification. As shown in Figure 5b–d,
off-equatorial warm signals exhibited westward propagation
but cannot reach the western boundary in a coherent way in
this year (as the classical theory declares). This is one feature
in which the development of the 2015 El Niño event differed
from other El Niño events.
This paper focuses on large-scale oceanic processes in-

volved in the evolution of the 2015 El Niño event. Other
high-frequency processes may also play important roles and
therefore need to be considered in future analyses. As previ-
ous studies have indicated, for instance, westerly wind bursts
(WWBs) can significantly modulate SST evolution and are
responsible for the irregularity in El Niño events (Chen et al.,
2015). In particular, strong WWBs were observed over the
western Pacific in spring 2015 and may play an important
role in the rapid development of the warm SST anomalies.
Easterly wind anomalies were also observed to prevail over
the central basin in mid-2014 (Hu and Fedorov, 2016; Liu
et al., 2015; Min et al., 2015; Zhang and Li, 2015; Levine
and McPhaden, 2016) and are considered to play a role in
the weakening of the warm SST anomalies. Therefore, wind
forcing and its combined effects with oceanic processes need
to be taken into account in analyses and modeling.
The effects of other low-frequency processes on the 2015 El

Niño evolution also need to be taken into account, including
decadal variability and global warming. As indicated above,
one important finding from this study is that large off-equa-
torial positive thermal anomalies from the eastern regions are
seen to penetrate into the central equatorial region during the
2015 El Niño, whereas they are not during other previous El
Niño events. This can be attributed to a few factors. Besides
the dominant interannual variations associated with ENSO,
other low-frequency climate variability modes also exist over
the Pacific, including the so-called Pacific decadal oscilla-
tion (PDO). As observed, the Pacific climate system was in a
warm PDO phase during 2000–2014 (but a cold phase during
1980–1999), characterized by a cold SST condition over the
tropical Pacific but a warm SST condition in the North Pacific
midlatitude regions. There is an indication that this see-saw
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pattern of the SST anomalies is likely to change in 2015 af-
ter its decade-long persistence. That is, the cold SST condi-
tion, which prevailed during 2000–2014, tended to shift to a
warm one; this PDO phase transition likely led to change in
the mean climate state over the Pacific in 2015. In addition,
a global warming signature is also evident over the region:
the mean SST field in the tropical Pacific turned to a warm-
ing trend after a decade-long cooling tendency over the early
period of this century (the so-called hiatus of global warm-
ing). Also, large positive thermal anomalies were seen to
merge in the northeastern tropical Pacific, with warm signals
penetrating into the central equatorial Pacific. Obviously, the
2015 El Niño evolution was modulated by the decadal change
and global warming effects, leading to a decade change in the
mean ocean thermal condition over the Pacific.
Climatologically, subsurface thermal field (as indicated in

sea level) exhibits well-defined trough and ridge structures
in the tropical Pacific, with a ridge along 10°N and a trough
on the equator. From dynamical point of view, a related po-
tential vorticity (PV) pattern is seen in the tropical-subtropi-
cal Pacific, characterized by a local minimum in the eastern
tropical Pacific off the equator; this PV pattern tends to pre-
vent off-equatorial waters from penetrating into the equator.
When there are changes in the mean oceanic thermal state in
the tropical Pacific (e.g., a spatial shift in the mean thermal
trough-ridge pattern), the amplitude and structure of the lo-
cal mean PV field in the eastern tropical Pacific can be mod-
ulated, leading to possible changes in the propagation path-
ways of thermal anomalies in the tropical Pacific. Prelimi-
nary analyses indicate that the changes in the mean thermal
condition and PV field over the tropical Pacific in 2015 are
in favor of a scenario in which the thermal signals reflected
in the eastern boundaries in late 2014 and early 2015 tended
to propagate westward off the equator and then penetrate into
the equatorial Pacific in mid-2015. Nevertheless, further de-
tailed studies are critically needed to answer the following im-
portant questions. Why can the off-equatorial positive ther-
mal signals be penetrated into the central equatorial region
in 2015? What were the driving forces and factors for such a
penetration? Why were those potential factors absent in other
previous El Niño events, but present in 2015? What were the
requirements for such penetrations like in 2015?
These process-oriented analyses provide predictive un-

derstanding of the 2015 El Niño event. At present, real-
time ENSO predictions exhibit large discrepancies that
are strongly model dependent. Various factors affect the
real-time prediction, including wind forcing effects (e.g.,
WWBs and large-scale wind anomalies as a response to SST
anomalies) and subsurface thermal effects on SST (as repre-
sented by the Te effect), which are not adequately represented
in many current coupled models used for ENSO predictions.
For example, preliminary results using the IOCAS ICM
indicate that if the positive Te anomaly effects on SST are

underestimated in the SST anomaly equation, then the inten-
sity of the 2015 El Niño event is also underestimated. The
relative contributions of wind forcing and subsurface thermal
effects to the intensity prediction of the 2015 El Niño event
need to be examined using coupled models. Additionally,
WWB effects, which are missing in many coupled models
used for real-time ENSO predictions, must be adequately
represented. Their combined effects with oceanic processes
on SST evolution should be examined further to improve
the understanding of processes involved in the 2015 El Niño
event. More sensitivity experiments along these lines are
underway using the IOCAS ICM.
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